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Abstract

:

This work presents a new disturbance observer-based chattering-attenuated terminal sliding mode control for a class of nonlinear systems in the presence of both mismatched and matched disturbances. A nonlinear disturbance observer is typically employed to accurately estimate mismatched disturbances. In this study, a terminal sliding mode control was designed, based on the disturbance estimation results, to counter the effects of disturbances and ultimately stabilize the target system. The utilization of a chattering-attenuated full-order terminal sliding mode structure satisfactorily resolves both chattering and singularity problems in controller design. It was shown by theoretical analyses that both the disturbance estimation error and the system state converge to the equilibrium point in finite time. Two simulation studies, namely a numerical example and an application to an electro hydrostatic actuator system, were conducted to examine the characteristics and to verify the effectiveness of the proposed algorithm.
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1. Introduction


Sliding mode control (SMC) is a popular control algorithm and possesses several desirable characteristics, such as design simplicity, ease of implementation, and robustness to external disturbances, model uncertainties, and parameter variations. Thus, SMC has received a significant amount of attention and is widely found in diverse practical applications, including robotics [1,2,3,4,5,6], electrical and mechanical systems [7,8,9,10,11,12], and aerospace engineering [13,14,15,16,17]. Nonetheless, the conventional SMC still exhibits several drawbacks, namely chattering, asymptotic convergence, and susceptibility to mismatched disturbances.



Chattering phenomena occur in the conventional SMC due to the use of a switching function, which leads to high oscillations in the control signal [18]. Significant efforts have been made in the literature to attenuate this problem, including the boundary layer [19], second and higher-order SMC [20,21,22], low-pass filtering [23,24], and the disturbance observer [25]. Another problem found in the conventional SMC is that system states can only asymptotically converge to the equilibrium point. By comparison, terminal sliding mode control (TSMC) can drive system states both to the sliding mode surface and to the equilibrium point in finite time [26]. Although the conventional TSMC inherits the robustness characteristic from its predecessor, it still suffers from the chattering phenomenon and is prone to the singularity problem as the control signal instantly jumps to infinity. A large number of studies have been devoted to solving this problem, e.g., [27,28,29]. Recently, a chattering-free full-order TSMC was developed in [30] that satisfactorily resolves both the chattering and singularity problems mentioned above.



A rather less common problem that SMC faces is mismatched disturbances, which act in a different channel than the control input. Some examples in which mismatched disturbances exist are magnetic levitation (MAGLEV) suspension systems, permanent magnet synchronous motor (PMSM), systems and flight control systems [31]. The various methods that contribute to tackling this problem include integral SMC [32,33,34] and adaptive SMC [35,36,37]. However, it is well known that the integral action may produce several undesirable effects, such as a large overshoot and a long settling time for the control system. Moreover, the nominal performance is normally sacrificed for robustness against disturbances in these methods. Disturbance observer-based SMC, in contrast, is a more promising approach to deal with mismatched disturbances [31,38,39,40,41,42]. In [38], a nonlinear disturbance observer is introduced to develop a new sliding mode surface in an attempt to attenuate mismatched disturbances. However, the mismatched disturbance considered in [38] must be constant rather than time varying, which is a highly restrictive constraint, because the disturbance can continuously change over time in practical applications; that is, unless the mismatched disturbance is time-invariant, the algorithm in [38] fails to stabilize the control system. In addition, the nonlinear disturbance observer utilized in [38] has been proven to be exponentially stable only in the case of slow time-varying mismatched disturbances [43]. A remedy for this constant restriction on the mismatched disturbance formulation is provided in [39], wherein the proposed extended disturbance observer can estimate nonlinear and time-varying mismatched disturbances. However, the problem of being Lyapunov stable without convergence remains, thus limiting the potential of the control algorithm. Another effort to stabilize nonlinear systems is found in [41], where mismatched disturbances are estimated and then suppressed by an extended-state observer-based sliding mode control. Both matched and mismatched disturbances are considered in the paper. Nonetheless, the estimation errors and the system state can only reach and vary in a small region around the equilibrium point, indicating that the observer and the closed-loop system are only Lyapunov stable without convergence. Consequently, the mismatched disturbance cannot be estimated precisely, and the system state cannot be stabilized in finite time.



Motivated by previous works, to accurately estimate and eventually counteract the effect of mismatched disturbances for a class of nonlinear systems, a new design of disturbance observer-based TSMC is introduced in this paper. The finite-time disturbance observer employed in this work originates from an arbitrary-order exact robust differentiator developed in [21]. It forms the basis for the development of this disturbance observer, which has been used by a large number of researchers in various applications. Some of the works are discussed as follows. In [44], the above-mentioned observer is implemented to tackle the tracking control problem of robotic manipulators. In [45], the influence of mismatched disturbances on a class of nonlinear systems is attenuated based on this observer. Simulation of a PMSM then proved the effectiveness of the proposed controller. The same disturbance observer is employed in [46] to address the problem of airgap control of a MAGLEV suspension vehicle. Another application of this disturbance observer can be found in [31], where the authors utilize it to control a DC-DC buck converter. Simulation and experiments on the converter have proven its disturbance rejection capability. These references convincingly demonstrated the effectiveness and the popularity of the disturbance observer considered in the current paper, for estimating and suppressing the influences of matched and mismatched disturbances in different highly nonlinear dynamic systems.



Major aspects of the proposed control algorithm are presented as follows. First, mismatched disturbances are accurately estimated by the nonlinear finite-time disturbance observer. Second, the estimation results are integrated into a new terminal sliding mode surface to enhance system robustness against external disturbances, uncertainties, and unmodeled dynamics. Third, the utilization of a chattering-attenuated full-order terminal sliding mode surface structure in controller design effectively suppresses chattering and singularity phenomena in the control signal. Fourth, Lyapunov stability analysis alongside the design step theoretically increases the reliability of the proposed control scheme. In addition, although the control algorithm is developed for a class of nonlinear second-order systems, the obtained results are extendable to the nth-order formulation. Finally, comparative simulation studies, including a numerical example and an application to an Electro Hydrostatic Actuator (EHA) system, demonstrate the effectiveness of the proposed algorithm.



This work can be perceived to be an extension and improvement of the references [30,41] for several reasons. First, in [30], rigorous research on chattering-free full-order terminal sliding mode control was presented, thus forming the backbone of the development of our work. However, because the control algorithm developed in [30] was only designated to tackle the problem of matched disturbances, it cannot cope with mismatched disturbances, which are more challenging. Second, in [41], an extended-state observer-based sliding mode control (ESOSMC) was introduced in an attempt to address the problem of mismatched disturbances. However, this approach nonetheless exhibited some drawbacks. Although it inherited the chattering attenuation characteristic from the work in [30], the algorithm proposed in [41] was only able to drive the disturbance estimation and system state to a small, bounded region around the equilibrium without actually converging to it. Moreover, the mismatched disturbance used in [41] gradually converged to a constant rather than being time varying throughout the system operation. Thus, the proposal was not practical and was unable to demonstrate the effectiveness of the controller. To address these problems, in this study, a new terminal sliding mode surface was developed. It is enhanced with disturbance rejection by a nonlinear disturbance observer. The proposed control algorithm is expected to suppress both time-varying matched and mismatched disturbances and provide a finite-time convergence characteristic. A brief comparison between the proposed controller and the works presented in [30] and [41] is shown in Table 1 below.



The remainder of the paper is organized as follows. Section 2 presents the problem formulation. Section 3 introduces the design procedure of the proposed algorithm, followed by stability analysis. Section 4 illustrates the effectiveness of the proposed approach via comparative simulation studies. Ultimately, the conclusion and future work are given in Section 5.




2. Problem Statement


Consider a class of second-order nonlinear systems that are susceptible to both matched and mismatched disturbances as follows [41]:


   {      x ˙  1   ( t )  =  x 2   ( t )  +  d 1   ( t )        x ˙  2   ( t )  = f  (  x , t  )  + g  (  x , t  )  u  ( t )  +  d 2   ( t )      y  ( t )  =  x 1   ( t )       



(1)




where   x =    [   x 1  ,  x 2   ]   T    is the system state and assumed to be available,   f  (  x , t  )    and   g  (  x , t  )  ≠ 0   are two known smooth nonlinear functions,   u  ( t )    is the control input,   y  ( t )    is the system output, and    d i   ( t )  ,     i = 1 , 2   are the time-varying mismatched and matched disturbances of the system.



Assumption 1.

Both mismatched and matched disturbances    d i   ( t )  ,     i = 1 , 2  , and their derivatives, are bounded and satisfy:


       |   d i   ( t )   |  ≤  ϕ i  ,      |    d ˙  i   ( t )   |  ≤  ρ i  ,     i = 1 , 2        



(2)




where    ϕ i  > 0  and   ρ i  > 0 ,      (  i = 1 , 2  )   are positive constants. This assumption is reasonably realistic due to the physical limitation of machinery in practical applications.





This work aims to design a disturbance observer-based terminal sliding mode controller to drive the system state    x 1   ( t )    to the origin in finite time in the presence of matched and mismatched disturbances. For this purpose, where the context is sufficiently explicit, the arguments of some functions might be omitted for brevity.



For the system (1), the chattering-free full-order TSMC developed in [30] is derived as below. First, a new terminal sliding mode surface is introduced with the form:


  s =   x ˙  2  +  c 2     |   x 2   |     α 2    sign  (   x 2   )  +  c 1     |   x 1   |     α 1    sign  (   x 1   )   



(3)







Then, a control law is designed accordingly as:


  u =  g  − 1    (  x , t  )   (   u  e q   +  u n   )   



(4)




where    u  e q     denotes the equivalent control and    u n    denotes the switching term. The equivalent control    u  e q     is designed as:


   u  e q   = − f  (  x , t  )  −  c 2     |   x 2   |     α 2    sign  (   x 2   )  −  c 1     |   x 1   |     α 1    sign  (   x 1   )   



(5)




the switching term    u n    is defined and filtered by the following method:


    u ˙  n  + T  u n  = v  



(6)






  v = −  (   ρ 2  +  k T  + η  )  sign  ( s )   



(7)




where  η  is a positive constant,   T ≥ 0  ,    k T    is chosen satisfying    k T  ≥ T  ϕ 2   ,    c i    and    α i       (  i = 1 , 2  )    are positive constants.    c i    can be selected to ensure that the polynomial    p 2  +  c 2  p +  c 1    is Hurwitz, and    α i    can be determined to satisfy [30,47]:


   {     α 1  =    α 2    2 −  α 2         α 2  = α ,     α ∈  (  1 − ε , 1  )  ,     ε ∈  (  0 , 1  )       



(8)







By substituting the system (1) and the control law (4) and (5) into the sliding surface (3), one can obtain:


    s   =   x ˙  2  +  c 2    |   x 2   |    α 2    sign  (   x 2   )  +  c 1    |   x 1   |    α 1    sign  (   x 1   )       = f  (  x , t  )  + g  (  x , t  )  u +  d 2   ( t )  +  c 2    |   x 2   |    α 2    sign  (   x 2   )  +  c 1    |   x 1   |    α 1    sign  (   x 1   )       =  d 2   ( t )  +  u n     



(9)







Consider a candidate Lyapunov function of the form:   V  ( s )  =    s 2   / 2   . It was proven in [48] that the switching term satisfies    |   u n   ( t )   |  ≤  ϕ 2   . This statement is found to be crucial in proving the finite-time convergence of the sliding surface  s . Thus, it is re-depicted here for clarity. Initially,    u n   (  t = 0  )  = 0   is taken, i.e.,    u n   ( 0 )  ∈  [  −  ϕ 2  ,  ϕ 2   ]   . Then,    u n    indicates that it cannot leave the interval    [  −  ϕ 2  ,  ϕ 2   ]   . Recall    |   d 2   |  ≤  ϕ 2   ,    |    d ˙  2   |  ≤  ρ 2    in (2),    k T  ≥ T  ϕ 2    in the first line after (7), and denote   β =  ρ 2  +  k T  + η  . Due to   s =  u n  +  d 2    in (9), (6) can be rewritten as:


    u ˙  n  + T  u n  = − β sign  ( s )  = − β sign  (   u n  +  d 2   )   



(10)







If    u n  >  ϕ 2   , then    u n  + T  ϕ 2  > 0  ,   sign  (   u n  +  d 2   )  = sign  (   u n   )  = 1  . It can be obtained from (10) that:


    u ˙  n  = − T  u n  − β < 0  











Similarly, if    u n  < −  ϕ 2   , then   sign  (   u n  +  d 2   )  = sign  (   u n   )  = − 1  . This leads to:


    u ˙  n  = − T  u n  + β > 0  











Thus, the inequality    u n    u ˙  n  < 0   holds outside of    [  −  ϕ 2  ,  ϕ 2   ]   , and consequently    u n    cannot leave    [  −  ϕ 2  ,  ϕ 2   ]   , i.e.,    |   u n   |  ≤  ϕ 2    and, accordingly,    |    d ˙  2   ( t )  + T  u n   ( t )   |  ≤  ρ 2  + T  ϕ 2    are retained for any   t ≥ 0  . Differentiating the Lyapunov function   V  ( s )    yields:


    s  s ˙    = s  (    d ˙  2  +   u ˙  n   )       = s  (    d ˙  2  +  (    u ˙  n  + T  u n   )  − T  u n   )       = s  (    d ˙  2  + v − T  u n   )       ≤  (   |    d ˙  2  − T  u n   |  −  (   ρ 2  +  k T  + η  )   )   | s |       =  (   |    d ˙  2  − T  u n   |  −  (   ρ 2  + T  ϕ 2   )  −  (   k T  − T  ϕ 2   )  − η  )   | s |       ≤ − η  | s |     



(11)







The inequality (11) indicates that the system states will reach the sliding surface   s = 0   in finite time. Once the desired sliding mode   s = 0   is established, the dynamics of the system can be expressed as:


   {      x ˙  1  =  x 2  +  d 1   ( t )        x ˙  2  = −  c 2    |   x 2   |    α 2    sign  (   x 2   )  −  c 1    |   x 1   |    α 1    sign  (   x 1   )       



(12)







In the case in which there are no mismatched disturbances, (12) becomes:


   {      x ˙  1  =  x 2        x ˙  2  = −  c 2    |   x 2   |    α 2    sign  (   x 2   )  −  c 1    |   x 1   |    α 1    sign  (   x 1   )       



(13)







From (13), if    c i    and    α i  ,     i = 1 , 2   are chosen as below (7) and as in (8), respectively, then the system states will converge to the equilibrium in finite time [47,49]. However, in the case in which mismatched disturbances exist, based on the equation set (12), one can obtain the below relationship:


    x ¨  1  +  c 2     |    x ˙  1  −  d 1   |     α 2    sign  (    x ˙  1  −  d 1   )  +  c 1     |   x 1   |     α 1    sign  (   x 1   )  =   d ˙  1   



(14)







It is clear from the above equation that, despite the control effort, the mismatched disturbance still exists in the system dynamics. Thus, the resulting system state is strongly affected by the mismatched disturbance; that is, although the system state can be attracted to the sliding surface in finite time, it cannot converge to the equilibrium point due to the presence of the time-varying mismatched disturbance. As a result, the chattering-free TSMC developed in [30] can cope with matched disturbances, yet is unable to overcome the influence of mismatched disturbances.




3. Results


In this section, a new chattering-attenuated full-order terminal sliding mode control powered by a nonlinear disturbance observer is proposed for the system (1). First, the disturbance observer is employed to estimate the mismatched disturbance. Subsequently, a new terminal sliding surface and a control law are developed utilizing the estimation results to ensure that the system state converges to the origin in finite time.



3.1. Nonlinear Disturbance Observer


This section aims to employ a finite-time disturbance observer to estimate the time-varying mismatched disturbance existing in (1). Based on the research on globally convergent differentiators in [50], a nonlinear disturbance observer is designed as follows:


   {      z ˙  1  =  v 1  +  x 2       v 1  = −  λ 1   L   1 / 3      |   z 1  −  x 1   |    2 / 3    sign  (   z 1  −  x 1   )  −  μ 1   (   z 1  −  x 1   )  +  z 2        z ˙  2  =  v 2       v 2  = −  λ 2   L   1 / 2      |   z 2  −  v 1   |    1 / 2    sign  (   z 2  −  v 1   )  −  μ 2   (   z 2  −  v 1   )  +  z 3        z ˙  3  = −  λ 3  L sign  (   z 3  −  v 2   )  −  μ 3   (   z 3  −  v 2   )       



(15)




where    z 1  =   x ^  1   ,    z 2  =   d ^  1   ,    z 3  =    d ˙  ^  1   , and   L > 0  ,    λ i  ,  μ i  > 0      (  i = 1 , 2 , 3  )   .



Assumption 2.

The time-varying mismatched disturbance   d 1   ( t )   is assumed to be second-order differentiable and has a Lipschitz constant L .





Theorem 1.

Given that the disturbance observer is designed as in (15), if the design parameters are properly selected, the following results can be achieved in finite time:






        z 1  =  x 1  ,      z 2  =  d 1  ,      z 3  =   d ˙  1        



(16)





Proof of Theorem 1.

For the disturbance observer (15), estimation errors are defined as follows:






        ε 1  =    z 1  −  x 1   L  ,      ε 2  =    z 2  −  d 1   L  ,      ε 3  =    z 3  −   d ˙  1   L        



(17)





By taking the derivative of    ε 1   ,    ε 2    and    ε 3   , the observer error dynamics can be attained as:


   {      ε ˙  1  = −  λ 1    |   ε 1   |    2 / 3    sign  (   ε 1   )  −  μ 1   ε 1  +  ε 2        ε ˙  2  = −  λ 2    |   ε 2  −   ε ˙  1   |    1 / 2    sign  (   ε 2  −   ε ˙  1   )  −  μ 2   (   ε 2  −   ε ˙  1   )  +  ε 3        ε ˙  3  = −  λ 3  sign  (   ε 3  −   ε ˙  2   )  −  μ 3   (   ε 3  −   ε ˙  2   )  −  1 L    d ¨  1       



(18)







Then, according to Theorem 3.1, Lemma B.1, and their proofs in [51], the estimation errors (18) will converge to zero in finite time, indicating that the nonlinear disturbance observer can accurately estimate the system state    x 1   ( t )   , the time-varying mismatched disturbance    d 1   ( t )   , and its derivative     d ˙  1   ( t )   . This completes the proof of Theorem 1.  □



Remark 1.

Readers are strongly encouraged to inspect the works [21,50,51] and the references therein for better understanding of the rigorous stability analysis of the disturbance observer, and the appropriate selection of its design parameters. It is noted that the observer design parameters,    {   λ i  ,  μ i   }   (  i = 1 , 2 , 3  )   , are chosen recursively in such a manner that   {   λ i  ,  μ i   }   provide for the convergence of the observer with the Lipschitz constant L indicated in Assumption 2. It is also mentioned by the authors that these parameters can be easily changed because the design is not highly sensitive to their values. Nonetheless, the tradeoff is as follows: generally, the greater the parameters, the faster the convergence of the disturbance observer, but the higher the sensitivity to input noises and the sampling step, and the larger the peaking phenomenon in the control signal, if the initial values of the system states and those of the observer states are different. Thus, in the controller design, particularly in the case of different initial values, a tradeoff should be made to ensure fast convergence yet an acceptable peaking phenomenon.






3.2. Disturbance Observer-Based Terminal Sliding Mode Control


In this section, based on the disturbance estimation, a new sliding surface and, accordingly, a new control law are proposed to drive the system state to the equilibrium point in finite time. This work can be considered as an extension to the control strategy developed in [30] and an improvement of the work [41].



A new disturbance observer (DOB)-based terminal sliding mode surface for the system (1) is proposed as:


  σ =   x ˙  2  +  c 2     |   x 2  +  z 2   |     α 2    sign  (   x 2  +  z 2   )  +  c 1     |   x 1   |     α 1    sign  (   x 1   )  +  z 3   



(19)




where    z 2  =   d ^  1   ,    z 3  =    d ˙  ^  1    are obtained from the disturbance observer, and    c i    and    α i       (  i = 1 , 2  )    are positive constants.    c i    are chosen to guarantee that the polynomial    p 2  +  c 2  p +  c 1    is Hurwitz, and    α i    are determined in the same manner as in (8).



Theorem 2.

Given the sliding surface (19), if the control law is developed as:


   u =  g  − 1    (  x , t  )   (   u  e q   +  u n   )    



(20)




with the equivalent control:


    u  e q   = − f  (  x , t  )  −  c 2     |   x 2  +  z 2   |     α 2    sign  (   x 2  +  z 2   )  −  c 1     |   x 1   |     α 1    sign  (   x 1   )  −  z 3    



(21)




and the switching term filtered for chattering attenuation is:


     u ˙  n  + T  u n  = v   



(22)






   v = −  (   ρ 2  +  k T  + η  )  sign  ( σ )    



(23)




where   T ,      k T  ,     η     are defined as same as below (7), then the system (1) will reach the sliding mode surface   σ = 0   in finite time, and the system state    x 1   ( t )    will also converge to the origin in finite time.





Proof of Theorem 2.

By substituting the expression of     x ˙  2   ( t )    in (1) and the control law (20), (21) into the sliding surface (19), one can derive the following equality:


    σ   =   x ˙  2  +  c 2    |   x 2  +  z 2   |    α 2    sign  (   x 2  +  z 2   )  +  c 1    |   x 1   |    α 1    sign  (   x 1   )  +  z 3       =  [  f  (  x , t  )  + g  (  x , t  )  u +  d 2   ( t )   ]  +  c 2    |   x 2  +  z 2   |    α 2    sign  (   x 2  +  z 2   )  +  c 1    |   x 1   |    α 1    sign  (   x 1   )  +  z 3       =  d 2   ( t )  +  u n     



(24)









Consider a candidate Lyapunov function as   V  ( σ )  =    σ 2   / 2   . Differentiating the Lyapunov function   V  ( σ )    and following the same procedure in (11) yields:


     V ˙   ( σ )    = σ  σ ˙       = σ  [    d ˙  2   ( t )  +   u ˙  n   ]       ≤ − η  | σ |     



(25)




which implies that the system will arrive at the sliding surface   σ = 0   in finite time. Once the desired sliding mode occurs, combining system (1) and sliding surface (19) yields:


   {      x ˙  1  =  x 2  +  d 1        x ˙  2  = −  c 2    |   x 2  +  z 2   |    α 2    sign  (   x 2  +  z 2   )  −  c 1    |   x 1   |    α 1    sign  (   x 1   )  −  z 3       



(26)







From the equation set (26), the following relationship can be established:


      x ¨  1    =   x ˙  2  +   d ˙  1       =  [  −  c 2     |   x 2  +  z 2   |     α 2    sign  (   x 2  +  z 2   )  −  c 1     |   x 1   |     α 1    sign  (   x 1   )  −  z 3   ]  +   d ˙  1       = −  c 2    |   (    x ˙  1  −  d 1   )  +  z 2   |    α 2    sign  (   (    x ˙  1  −  d 1   )  +  z 2   )  −  c 1    |   x 1   |    α 1    sign  (   x 1   )  −  z 3  +   d ˙  1       = −  c 2    |    x ˙  1  +  (   z 2  −  d 1   )   |    α 2    sign  (    x ˙  1  +  (   z 2  −  d 1   )   )  −  c 1    |   x 1   |    α 1    sign  (   x 1   )  −  (   z 3  −   d ˙  1   )     



(27)







According to Theorem 1,    z 2  =  d 1    and    z 3  =   d ˙  1    are achieved in finite time by the disturbance observer. Thus, after the convergence of the disturbance observer, the dynamics (27) become:


    x ¨  1  = −  c 2     |    x ˙  1   |     α 2    sign  (    x ˙  1   )  −  c 1     |   x 1   |     α 1    sign  (   x 1   )   



(28)







Let    w 1  =  x 1   ,    w 2  =   x ˙  1   ; then, the dynamic Equation (28) can be transformed to:


   {      w ˙  1  =  w 2        w ˙  2  = u      



(29)




where   u = −  c 2     |   w 2   |     α 2    sign  (   w 2   )  −  c 1     |   w 1   |     α 1    sign  (   w 1   )   , and    c i   ,    α i       (  i = 1 , 2  )    are designed in the same manner as below equation (19) and equation (8). Then, according to Proposition 8.1 and its proof in [47], it can be concluded that the origin is a globally finite-time-stable equilibrium for the system (29), indicating that the state    x 1   ( t )    of the system (1) will eventually converge to zero in finite time. This completes the proof for Theorem 2.  □



Remark 2.

As stated in [30], the control signal (22) acts in the same manner as a low-pass filter, wherein   ω = T   can be interpreted as the bandwidth of the filter. The non-smooth switching function    u n    is therefore smoothed to prevent the chattering phenomena from occurring, given that the design parameters have been properly chosen. Moreover, because it is a full-order terminal sliding mode surface, it allows the corresponding control law to be derived without differentiating the term    c i     | ∗ |     α i    sign  ( ∗ )   , thus avoiding the singularity phenomena.





Remark 3.

It should be mentioned that the sliding surface (19) includes the “acceleration” signal     x ˙  2   ( t )    , which can be obtained by differentiating the “velocity” signal    x 2   ( t )    . Nonetheless, this action is sensitive to noise and thus can degrade system performance. Note that the proposed control law only utilizes the sign of the sliding surface  σ  rather than its value. Based on this observation, the same idea suggested in [30] is re-depicted here to avoid the use of the “acceleration” signal. In this approach,   sign  ( σ )    can be alternatively determined as follows:


   sign  ( σ )  = sign  (  h  ( t )  − h  (  t − τ  )   )      



(30)




where   h  ( t )    is defined as:


     h  ( t )    =    ∫ 0 t   σ  ( t )  d t         =  x 2  +    ∫ 0 t    (   c 2     |   x 2  +  z 2   |     α 2    sign  (   x 2  +  z 2   )  +  c 1     |   x 1   |     α 1    sign  (   x 1   )  +  z 3   )     d t     



(31)




and  τ  is chosen to be the fundamental sampling time.



Alternatively, the nonlinear disturbance observer structure can be applied again to meet this need and is presented below:


    {      z ˙  4  =  v 4  +  x 3       v 4  = −  λ 4   L 2      1 / 3      |   z 4  −  x 2   |    2 / 3    sign  (   z 4  −  x 2   )  −  μ 4   (   z 4  −  x 2   )  +  z 5        z ˙  5  =  v 5       v 5  = −  λ 5   L 2      1 / 2      |   z 5  −  v 4   |    1 / 2    sign  (   z 5  −  v 4   )  −  μ 5   (   z 5  −  v 4   )  +  z 6        z ˙  6  = −  λ 6   L 2  sign  (   z 6  −  v 5   )  −  μ 6   (   z 6  −  v 5   )          



(32)




where    x 3  = f  (  x , t  )  + g  (  x , t  )  u   ,    z 4  =   x ^  2    ,    z 5  =   d ^  2    ,    z 6  =    d ˙  ^  2    . Because the disturbance observer is proven to be finite-time convergent, after a transient period,     z ˙  4  =    x ^  ˙  2    can be regarded as the “acceleration” signal. In addition, the matched disturbance    d 2   ( t )    can be accurately estimated for further potential, such as reducing the switching gain in the control signal (23), thus decreasing the chance that chattering phenomena will occur. However, the use of another disturbance observer will increase the computational burden, and consequently, a longer response time is expected, which might represent a disadvantage in practice.





Remark 4.

Because the mismatched disturbance is absent from the control system, if the initial values of the observer states are selected as    z 1   (   t 0   )  =  x 1   (   t 0   )    ,    z 2   (   t 0   )  =  z 3   (   t 0   )  = 0   , then it is derived from the observer formulation and observer error dynamics that    ε 1   ( t )  =  ε 2   ( t )  =  ε 3   ( t )  = 0   and    v 1   ( t )  =  v 2   ( t )  = 0   during the absence of mismatched disturbances. In this case, the sliding surface (19) and the control law (20) reduce to those of the conventional TSMC. This indicates the nominal control performance preservation capability of the proposed controller.





Remark 5.

Because the formulation developed earlier in this paper is for second-order systems only, it is desirable to generalize it to an nth-order formulation for different applications. Therefore, the results obtained in this work are extended for a class of nonlinear nth-order systems of the form:






    {      x ˙  i  =  x  i + 1   +  d i   ( t )  ,                 i = 1 , 2 , … , n − 1       x ˙  n  = f  (  x , t  )  + g  (  x , t  )  u +  d n   ( t )          



(33)





To estimate the mismatched disturbances   d i     (  i = 1 , 2 , … , n − 1  )   , an nth-order disturbance observer is applied here as follows:


   {      z ˙   1 i   =  v  1 i   +  x  i + 1   =  φ  1 i    (   z  1 i   −  x i   )  +  z  2 i   +  x  i + 1         z ˙   2 i   =  v  2 i   =  φ  2 i    (   z  2 i   −  v  1 i    )  +  z  3 i       …       z ˙    (  n + 1  )  i   =  φ   (  n + 1  )  i    (   z   (  n + 1  )  i   −  v  n i    )         



(34)




where   φ  j i    are nonlinear functions of the form:


   φ  j i    ( s )  = −  λ  j i    L i   1 /   (  n − j + 2  )         | s |       (  n − j + 1  )   /   (  n − j + 2  )      sign  ( s )  −  μ  j i    ( s )     



(35)




and   z  1 i   =   x ^  i   ,   z  2 i   =   d ^  i   ,   z  3 i   =    d ˙  ^  i   ,…,   z   (  n + 1  )  i   =    d i      (  n − 1  )     ^   ,   L i  > 0  ,   λ  j i   ,  μ  j i   > 0  ,  j = 1 , 2 , … , n + 1  . Consequently, an nth-order disturbance observer-based TSMC is designed as:


  σ =   x ˙  n  +   ∑  k = 2  n    (   c k     |   ψ k   |     α k    sign  (   ψ k   )   )    +  c 1     |   x 1   |     α 1    sign  (   x 1   )  +  χ z     



(36)




where   ψ k  =  x k  +  z  k 1   +  z   (  k − 1  )  2   + … +  z  2  (  k − 1  )     ,   χ z  =  z  3  (  n − 1  )    +  z  4  (  n − 2  )    … +  z   (  n + 1  )  1    .    c k   and   α k   are positive constants such that the polynomial   p n  +   ∑  k = 2  n    (   c k   p  k − 1    )    +  c 1   is Hurwitz and the following equation set is satisfied [30,47]:


   {     α 1  = α ,             n = 1      α  k − 1   =    α k   α  k + 1     2  α  k + 1   −  α k    ,           k = 2 , … , n         ∀ n ≥ 2        



(37)




where    α  n + 1   = 1  ,    α n  = α  ,   α ∈  (  1 − ε , 1  )   ,   ε ∈  (  0 , 1  )   .





4. Simulations


In this section, two simulation studies are presented to verify the effectiveness of the control algorithm. Although a numerical example is provided to theoretically assess and discuss the characteristics and performance of the proposed controller, the task of controlling an electro hydrostatic actuator system partly reflects the practicality of the suggested control algorithm. These simulations were conducted in the MATLAB-Simulink environment, wherein the fixed-step ODE4 (Runge–Kutta) was chosen to be the solver. The sampling time was determined separately for each case study, and other settings remained as the defaults.



4.1. Numerical Example


To demonstrate the effectiveness of the proposed control algorithm, the succeeding nonlinear second-order system, which is subject to time-varying mismatched and matched disturbances, is considered:


   {      x ˙  1  =  x 2  +  d 1   ( t )        x ˙  2  = − 2  x 1  −  x 2  +  e   x 1    + u +  d 2   ( t )       



(38)







Here, the primary objective is to stabilize the above system, and the initial system state is selected away from the equilibrium as   x =    [  1 , − 1  ]   T   . Mismatched and matched disturbances are deliberately defined as    d 1   ( t )  = 1 + 0.3 cos  (  2 t  )  − sin  ( t )    and    d 2   ( t )  = sin  (  2 t  )   , respectively. The mismatched disturbance is selected such that as the running time increases and the system state    x 1   ( t )    reaches its steady-state value. The mismatched disturbance is still time varying in a relatively large, bounded region rather than gradually converging to a constant as in the reference [41]. This is a decisive factor in demonstrating the superiority of the proposed control algorithm compared to strategies considered, which will be illustrated by later simulation results. Moreover, to illustrate the nominal control performance preservation characteristic of the proposed control algorithm, the mismatched disturbance is only active after   t = 5     s  .



For comparison purposes, the chattering-free full-order TSMC approach [30], denoted as TSMC, the extended-state observer-based chattering free SMC [41], denoted as ESOSMC, and the proposed control algorithm, denoted as DOBTSMC, are employed. It should be noted that both DOBTSMC and ESOSMC stem from TSMC, and that the proposed control algorithm, to a certain extent, can be interpreted as an extension and improvement of TSMC and ESOSMC in dealing with mismatched disturbances. Hence, the analogy is drawn here to demonstrate this argument.



Briefly, the ESOSMC proposed in [41] is constructed of a nonlinear extended-state observer (ESO) and an ESO-based SMC. The ESO is designed based on a hyperbolic tangent function of the form:


   {      Ζ ˙  1  =  Ζ 2  −  a 1   (   Ζ 1  −  x 1   )  +  x 2        Ζ ˙  2  = −  a 2  tanh  (  b  (   Ζ 1  −  x 1   )   )       



(39)




where    Ζ 1  =   x ^  1   ,    Ζ 2  =   d ^  1   ,   tanh  ( ∗ )  =    (   e ∗  −  e  − ∗    )   /   (   e ∗  +  e  − ∗    )     ,    a i  > 0  ,   i = 1 ,   2  ,   b > 0  . The sliding mode surface integrated with the ESO is designed as:


  s =   x ˙  2  +  c 2   (   x 2  +  Ζ 2   )  +  c 1   x 1  +   Ζ ˙  2   



(40)




where    c i  ,     i = 1 , 2   are chosen in the same manner as in previous sections.



The design control parameters are specifically selected to be the same for all control algorithms as    c 1  = 5  ,    c 2  = 5  ,   T = 0.1  ,    (   ρ 2  +  k T  + η  )  = 3  . In addition, for the TSMC and the DOBTSMC, following (8),    α i   (  i = 1 , 2  )    are designed as    α 1  =  3 / 7   ,    α 2  =  3 / 5   . For the mismatched disturbance observers, ESO parameters are selected as    a 1  = 20  ,    a 2  = 14   and   b = 21  ; and DOB parameters are chosen as   L = 3  ,    λ 1  = 6  ,    λ 2  = 11  ,    λ 3  = 6  ,    μ 1  = 18  ,    μ 2  = 6  , and    μ 3  = 2  . The sampling time is set to be   0.1     ms  .



The system state    x 1   ( t )    delivered by all control algorithms is shown in Figure 1. For the first   5     s  , all controllers are able to stabilize the target system. However, the convergence rate of ESOSMC is lower than that of the other two approaches. It takes ESOSMC about   3.4     s   to reach the 0.01 mark (~1% of the initial value), whereas it takes TSMC and DOBTSMC only around   1.8     s   to reach this mark. Moreover, because the trajectory of TSMC and DOBTSMC are identical in this period, it proves that the proposed control algorithm possesses the nominal performance preservation characteristic in the absence of mismatched disturbances. After   t = 5     s  , mismatched disturbance starts to affect the control system. It is noticeable that TSMC fails to stabilize the target system, which is already anticipated in the Problem Statement section. Consequently, TSMC signals are suppressed in the following figures for better visualization of other controllers. It can be seen in Figure 1 that, although ESOSMC can only drive the system state to a bounded region of about   0.08   around the equilibrium, DOBTSMC offers much higher accuracy, with a bound of   [ − 2.5 ×   10   − 8   ,     1.5 ×   10   − 8   ]  .



Figure 2 depicts the mismatched disturbance existing in the target system and the second state    x 2   ( t )    response of ESOSMC and DOBTSMC. The figure illustrates that the mismatched disturbance is nonlinear and time varying in a bounded region. It can also be interpreted from the figure that, overall, the trajectory of the mismatched disturbance and that of the second state are symmetric about the horizontal axis 0. This phenomenon can be explained as follows. The system (38) formulation implies that, to stabilize the system state    x 1   ( t )    to the equilibrium point, the following inequality must be fulfilled:


   |    x ˙  1   |  =  |   x 2  +  d 1   |  ≤ δ  



(41)




where  δ  is a sufficiently small positive number and can represent the performance indicator for evaluation. Inequality (41) indicates that for the sake of stabilization,    x 2   ( t )    must counteract the time-varying effect caused by the mismatched disturbance    d 1   ( t )   . Consequently,    x 2   ( t )    and    d 1   ( t )    should be opposite. This also explains why the system state    x 1   ( t )    converges to the equilibrium, but not    x 2   ( t )   .



Figure 3a records the control signals generated by ESOSMC and the proposed algorithm. It clearly shows that both control signals are smooth without chattering and exhibit the same magnitude of peaking phenomenon at   t = 5     s   as the mismatched disturbance is suddenly initiated. The satisfactorily chattering-attenuated control signal results from an attenuation step depicted in Figure 3b, in which the chattering signal  v  is filtered to create the smooth switching control signal    u n   , as in (22). Therefore, it demonstrates the effectiveness of the proposed algorithm in attenuating chattering effects.



Figure 4 compares ESOSMC and the proposed control algorithm in mismatched disturbance estimation performance. Under the condition of time-varying mismatched disturbances, from   t = 5     s   onwards, the estimation error of ESOSMC varies inside a bounded region of   0.1   around the equilibrium. In comparison, DOBTSMC can deliver significantly higher precision, with an estimation error of approximately   ± 5 ×   10   − 7    . This subsequently contributes to the higher accuracy in the system state response discussed earlier and proves the effectiveness of the proposed controller in mismatched disturbance estimation.



Figure 5 illustrates the sliding surface trajectory of the proposed control algorithm, which oscillates inside the interval   [ − 0.005 ;     0.005 ]  . Because the sliding surface  σ , defined in (19), is a function of the second state    x 2   , which varies with time to suppress the influence of the mismatched disturbance    d 1   , it is reasonable that the sliding surface  σ  is also time varying. Nonetheless, the proposed control algorithm only utilizes the sign, but not the magnitude, of the sliding surface. Thus, the oscillating trajectory of the sliding surface is believed to have little or no effect on controller performance.



To illustrate the influence of different design parameter values on the performance of the disturbance observer, three simulations were conducted with different values of the Lipschitz constant,   L = 1 , 3 , 5  . The simulations were carried out in a measurement noise environment with a mean of  0  and a variance of   5 ×   10   − 3    , and the sampling time was set to    t s  = 0.01   s   for practicality. Moreover, the initial values of the observer state and that of the system state were set to be different from each other,     d ^  1   ( 0 )  =  z 2   ( 0 )  = 0.5  ,    x 1   ( 0 )  = 1  . The result obtained is shown in Figure 6, which strongly agrees with the statement noted in Remark 1. Specifically, it is evident from Figure 6 that    (  L = 1  )    yields the longest convergence time, yet the smallest peaking phenomenon and is least susceptible to noise. In contrast,    (  L = 5  )    takes the shortest amount of time for the estimation error to converge to zero but, at the same time, produces the largest peaking phenomenon and is most susceptible to noise. The most appropriate selection is    (  L = 3  )   , which represents a tradeoff between convergence time and sensitivity to noise and different initial values. Thus, it is concluded here that the greater Lipschitz constant  L  leads to the faster convergence of the disturbance observer, yet more sensitivity to noise and larger peaking phenomenon in the transition period, especially in case where the initial values of the disturbance observer and the system are different from each other.




4.2. Application to Electro Hydrostatic Actuator System


As presented in this section, the proposed control algorithm developed previously was applied to stabilize an Electro Hydrostatic Actuator (EHA) system.



The EHA studied in this section is illustrated in Figure 7, and the major components are listed in Table 2. In the hydraulic circuit, cylinder (1) is driven by the valve system and the hydraulic pump (7), which is actuated by the AC motor (8). The flow discrepancy between the bore chamber and the rod chamber of the cylinder is automatically compensated by the check valves (4.1) and (4.2), with the support of the pilot-operated directional valve (5). In cooperation with two pilot-operated check valves (6), the hydraulic pump regulates the fluid flow inside the hydraulic circuit and consequently controls the movement of the cylinder.



Parameters used for mathematical modeling the EHA system are defined in Table 3 below.



Referring to [52], the dynamic model of the EHA system studied here consists of force dynamics and pressure dynamics, as follows. The force dynamics of the actuator is expressed as:


  m  x ¨  =  P 1   A 1  −  P 2   A 2  +  f  F r   +  δ 2   



(42)




where    δ 2    represents a force disturbance that may include external forces and unmodeled force dynamics;    f  F r     denotes a lumped friction force [53,54] and is approximated as a differential function of the form:


   {     f  F r   = −  b 1   x ˙  −  b 2  tanh  (  x ˙  )      tanh  (  x ˙  )  =   1 −  e  −  γ 2   x ˙      1 +  e  −  γ 2   x ˙           



(43)







Governed by the continuity law [55], the pressure dynamics of the actuator are:


   {     V  1 t     P ˙  1  =  β e   (   η V  D  K  d r   u −  A 1   x ˙  −  C  L i    (   P 1  −  P 2   )  −  Q  c v 1    )  +  δ  31        V  2 t     P ˙  2  =  β e   (  −  η V  D  K  d r   u +  A 2   x ˙  +  C  L i    (   P 1  −  P 2   )  +  Q  c v 2    )  +  δ  32        



(44)




where    Q  c v 1     and    Q  c v 2     are, respectively, the flow in the check valves (4.1) and (4.2), and described as:


   {     Q  c v 1   = −  x ˙   (   A 1  −  A 2   )  sm  (  −  x ˙   )       Q  c v 2   =  x ˙   (   A 1  −  A 2   )  sm  (  x ˙  )      sm  ( ∗ )  =   (  1 +  e  −  γ 3  ∗    )   − 1        



(45)







By defining the system state as      [   x 1  ,  x 2  ,  x 3   ]   T  =    [  x ,  x ˙  ,    (   P 1   A 1  −  P 2   A 2   )   / m   ]   T    and combining equations from (42) to (45), the total dynamic system can be expressed in a canonical form as follows:


   {      x ˙  1  =  x 2        x ˙  2  =  x 3  +  d 1        x ˙  3  = f + g   u +  d 2       



(46)




where the dynamic functions are specifically defined as:


   {    f =    β e   m   [     A 1     V  1 t      (  −  A 1  +  (   A 1  −  A 2   )  s m  (  −  x 2   )   )  −    A 2     V  2 t      (   A 2  +  (   A 1  −  A 2   )  s m  (   x 2   )   )   ]   x 2      g =    β e   η V  D  K  d r    m   (     A 1     V  1 t     +    A 2     V  2 t      )       d 1  =  1 m   (   f  F r   +  δ 2   )       d 2  = −    β e   m   C  L i    (   P 1  −  P 2   )   (     A 1     V  1 t     +    A 2     V  2 t      )  +    A 1   δ  31     m  V  1 t     −    A 2   δ  32     m  V  2 t          



(47)







It can be interpreted from the equation set (46) and (47) that    d 1   , which consists of the lumped friction    f  F r     and the force disturbance    δ 2   , represents a mismatched disturbance, whereas    d 2   , which includes internal leakages and pressure disturbances, is a matched disturbance. Thus, the EHA system considered here is subject to both mismatched and matched disturbances. It is assumed that these disturbances satisfy Assumptions 1 and 2.



To estimate the mismatched disturbance    d 1   , one can apply (34) to yield a finite-time disturbance observer as follows:


   {      z ˙   12   =  v  12   +  x 3       v  12   = −  λ  12    L 2   1 / 4      |   z  12   −  x 2   |    3 / 4    sign  (   z  12   −  x 2   )  −  μ  12    (   z  12   −  x 2   )  +  z  22         z ˙   22   =  v  22        v  22   = −  λ  22    L 2   1 / 3      |   z  22   −  v  12    |    2 / 3    sign  (   z  22   −  v  12    )  −  μ  22    (   z  22   −  v  12    )  +  z  32         z ˙   32   =  v  32        v  32   = −  λ  32    L 2   1 / 2      |   z  32   −  v  22    |    1 / 2    sign  (   z  32   −  v  22    )  −  μ  32    (   z  32   −  v  22    )  +  z  42         z ˙   42   = −  λ  42    L 2  sign  (   z  42   −  v  32    )  −  μ  42    (   z  42   −  v  32    )       



(48)




where    z  12   =   x ^  2   ,    z  22   =   d ^  1   ,    z  32   =    d ˙  ^  1   ,    z  42   =    d ¨  ^  1   , and    L 2  > 0  ,    λ  j 2   ,    μ  j 2   > 0      (  j = 1 , … , 4  )   . A chattering-attenuated full-order TSMC for the EHA system can then be designed based on (36) as:


  σ =   x ˙  3  +  c 3     |   x 3  +  z  22    |     α 3    sign  (   x 3  +  z  22    )  +  c 2     |   x 2   |     α 2    sign  (   x 2   )  +  c 1     |   x 1   |     α 1    sign  (   x 1   )  +  z  32    



(49)




where    c i      (  i = 1 , 2 , 3  )    are positive constants satisfying the requirement that the polynomial    p 3  +  c 3   p 2  +  c 2  p +  c 1    is Hurwitz, and    α i   (  i = 1 , 2 , 3  )    are chosen as (37). Accordingly, the control law is developed with the form:


  u =  g  − 1    (   u  e q   +  u n   )   



(50)




where the equivalent control    u  e q     is designed as:


   u  e q   = − f −  c 3     |   x 3  +  z  22    |     α 3    sign  (   x 3  +  z  22    )  −  c 2     |   x 2   |     α 2    sign  (   x 2   )  −  c 1     |   x 1   |     α 1    sign  (   x 1   )  −  z  32    



(51)




and the switching term    u n    is defined as in (22) and (23).



The nominal values of the system parameters were determined as in Table 4 [56].



The cylinder stroke length is   0.3   m  ; thus, the working range of the actuator is set to be    x 1  ∈ [ − 0.15 ,     0.15 ]   m  . For safety purposes, the pressure threshold of the relief valve is set at   150   bar  , meaning that    P 1  ,    P 2  ∈ [ 0 ,     150 ×   10  5  ]   Pa  . To ensure the control task was challenging and to examine the effectiveness of control algorithms, both matched and mismatched disturbances were deliberately assumed to be time varying throughout the simulation period. Specifically, the force disturbance    δ 2    and the pressure disturbances    δ  31    ,    δ  32     were selected to be dependent on both time and system state as follows.    δ 2  = − 1000  (  0.2 + 0.5  x 1  +  x 2  + sin  ( t )   )   ,    δ  31   = − 1000  (  0.1 + 3  x 2  + sin  ( t )   )   , and    δ  32   = 500  (  0.2 +  x 2  + 2 sin  ( t )   )   . Moreover, for practicality, measurement noise and parameter uncertainty were added to the simulation. Specifically, the position and pressure measurements were subject to noise with a mean of  0  and a covariance of    {  0.0005     m ,     3500     Pa ,     3500     Pa  }    [45]. Parameters used to design the controller have nominal values, whereas the parameters used to model the EHA system include variance (~  5 %   of nominal values), as indicated in Table 4. The sampling time was set to be   1     ms  .



Again, the proposed control algorithm, DOBTSMC, was compared with TSMC and ESOSMC in this case study. The design control parameters of DOBTSMC were selected as    c 1  = 315.6  ,    c 2  = 500  ,    c 3  = 270  ;    α i   (  i = 1 , 2 , 3  )    are designed as    α 1  =  1 / 3   ,    α 2  =  1 / 5   ,    α 3  =  1 / 7   . The DOB parameters were chosen as    L 2  = 500  ,    λ  12   = 30  ,    λ  22   = 65  ,    λ  32   = 7.5  ,    λ  42   = 5.5  ,    μ  12   = 6  ,    μ  22   = 13  ,    μ  32   = 1.5  ,    μ  42   = 1.1  .



Figure 8 presents the position response of the EHA system with the three considered control algorithms, namely, TSMC, ESOSMC, and DOBTSMC. Predictably, TSMC fails to overcome the effects of mismatched disturbances and thus cannot stabilize the target system. It is therefore excluded from the comparison. By comparison, both ESOSMC and DOBTSMC are able to force the system state to remain in the vicinity of the equilibrium. Specifically, the position state    x 1    generated by ESOSMC varies in a small, bounded region of   3.5   mm   around the zero axis. In contrast, the proposed controller, DOBTSMC, provides a much higher precision of about   ± 0.3   mm  , which is 10 times more accurate than that of ESOSMC.



The velocity trajectory of ESOSMC and the proposed controller are shown in Figure 9, which shows agreement with the position response in Figure 8. The precision of the DOBTSMC velocity signal, at   ± 2.3    mm / s   , is two-fold higher than that of the ESOSMC velocity signal, at   ± 5    mm / s   . Moreover, a larger peaking phenomenon in the transition period is seen for ESOSMC.



Figure 10 shows the trajectory of the mismatched disturbance and the third state of the control system. It is noticeable that the mismatched disturbance is time varying and that its trajectory and    x 3    trajectories are symmetric. This phenomenon is consistent with the previous numerical study, where the system state    x 3    is controlled to cancel out the influence of the mismatched disturbance    d 1   . Thus,    x 3    and    d 1    are likely to be opposite in value.



The control signal generated by ESOSMC and the proposed control algorithm are recorded in Figure 11. Overall, both signals are smooth and show few chattering effects. The ESOSMC control signal oscillates inside   ± 0.5   V  , whereas the figure for DOBTSMC is slightly better, at   ± 0.3   V  . However, ESOSMC exhibits a larger peaking phenomenon than the proposed controller in the transition period.



Figure 12 illustrates the performance of the ESOSMC and that of the proposed controller in estimating mismatched disturbances. The estimation error of DOBTSMC, at about   ± 0.6      m / s   2   , is approximately two-fold smaller than that of the ESOSMC, at about   ± 1.2      m / s   2   . Both algorithms experience chattering phenomena in the trajectory. This can be explained as follows. Because both schemes utilize system states in observer design, measurement noise in system states has a direct impact on the performance of the observation process. Thus, chattering caused by noise appears and consequently degrades the estimation accuracy of both controllers.



Finally, working pressures of the proposed controller are shown in Figure 13, which clearly implies the nonlinearity of the EHA system. Specifically, the bore chamber area    A 1    is larger than the rod chamber    A 2   . Thus, to produce the same level of force, the bore chamber pressure    P 1    must be accordingly smaller than the rod chamber pressure    P 2   . This special condition makes the task of controlling a single rod cylinder much more challenging than the task of controlling a double rod cylinder, where the chamber areas are identical.





5. Conclusions


In this work, a new disturbance observer-based terminal sliding mode control was proposed to control a class of nonlinear systems under the influence of both matched and mismatched disturbances. Although matched disturbances were suppressed by the robust nature of the terminal sliding mode control, mismatched disturbances were compensated by the enhancement in disturbance observation. The employment of a nonlinear disturbance observer enabled the mismatched disturbances to be estimated, and then compensated, by the proposed control algorithm. A general guideline on the appropriate selection of parameters for this observer was provided, and the influence of parameter selection was later illustrated by simulations. Other aspects of the proposed controller, namely, chattering attenuation, sign function utilization, and nominal control performance preservation, were also discussed and demonstrated in this work. Although the proposed control scheme was first designed to stabilize a class of nonlinear second-order systems, it was also shown to be extendable to an nth-order formulation for wider applications. The formulation extension was subsequently used to control a third-order electro hydrostatic actuator system, which, along with a numerical example, revealed the characteristics and verified the effectiveness of the proposed algorithm. Comparative simulation results ultimately demonstrated the satisfactory performance of the proposed controller.



Throughout the study, system states were assumed to be available, and thus different sensors were required. However, there are numerous cases in practice in which only one sensor is implemented for several reasons, such as reducing the installation cost and space. Therefore, future research can be undertaken to design a disturbance-state observer to estimate both disturbances and unmeasured states in a fast-changing, noisy measurement environment.
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Figure 1. Response trajectory of the state    x 1    
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Figure 2. Mismatched disturbance and second state response trajectories. 
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Figure 3. Total control signal (a) and switching control signal (b). 
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Figure 4. Mismatched disturbance estimation error of ESOSMC and DOBTSMC. 
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Figure 5. Sliding surface response of the proposed control algorithm. 
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Figure 6. Influence of design parameters on observer performance. 
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Figure 7. Schematic diagram of the studied EHA system. 
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Figure 8. Position response of the EHA system. 
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Figure 9. Velocity response of the EHA system. 






Figure 9. Velocity response of the EHA system.



[image: Applsci 11 08158 g009]







[image: Applsci 11 08158 g010 550] 





Figure 10. Mismatched disturbance and acceleration signal of the EHA system. 
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Figure 11. Control signal trajectory of ESOSMC and DOBTSMC. 
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Figure 12. Mismatched disturbance estimation error of ESOSMC and DOBTSMC. 
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Figure 13. Working pressures of the proposed controller. 
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Table 1. Comparison of the proposed controller and other works.
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	Control

Algorithm
	Matched

Disturbance

Compensation
	Mismatched

Disturbance

Compensation
	Finite-Time

Convergence





	TSMC [30]
	Yes
	No
	Yes



	EOSMC [41]
	Yes
	Yes
	No



	The proposed
	Yes
	Yes
	Yes
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Table 2. Major components in the considered EHA system.
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	No.
	Device
	No.
	Device





	1
	Hydraulic cylinder
	5
	Directional valve



	2
	Relief valves
	6
	Pilot check valve



	3
	Reservoir
	7
	Hydraulic pump



	4.1
	Check valve 4.1
	8
	AC motor



	4.2
	Check valve 4.2
	9
	AC motor driver
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Table 3. Major components in the considered EHA system.






Table 3. Major components in the considered EHA system.





	Symbol
	Quantity and Unit





	  x  
	Displacement of the cylinder.    ( m )   



	    P 1  ,    P 2    
	Pressures inside the cylinder chambers.    (  Pa  )   



	    A 1  ,    A 2    
	Bore- and rod- side areas of the cylinder.    (   m 2   )   



	  m  
	Relative mass of the motion system.    (  kg  )   



	    V  10   ,    V  20     
	Initial volumes of chamber 1 and 2.    (   m 3   )   



	    V  1 t   =  V  10   +  A 1  x   
	Active volume of chamber 1.    (   m 3   )   



	    V  2 t   =  V  20   −  A 2  x   
	Active volume of chamber 2.    (   m 3   )   



	    β e    
	Effective bulk modulus of the fluid.    (  Pa  )   



	    C  L i     
	Internal leakage coefficient.    (     m 3   /   (  sPa  )     )   



	  D  
	Displacement of the pump.    (     m 3   /  rad    )   



	    K  d r     
	Control gain of the motor driver.    (    rad  /   (  sV  )     )   



	    η V    
	Volumetric efficiency of the pump.



	  u  
	Driving voltage of the motor driver.    ( V )   



	    b 1  ,    b 2  ,    γ 2  ,    γ 3    
	Positive constants in the system model.



	    δ 2    
	Lumped disturbance in force dynamics.    ( N )   



	    δ  31   ,    δ  32     
	Lumped disturbances in pressure dynamics.    (   N / s   )   
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Table 4. Nominal values of the EHA system parameters.
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	Parameter
	Unit
	Nominal (+ Variance) Value





	  m  
	   kg   
	   9.32  (  + 0.46  )    



	    A 1    
	    m 2    
	   1.9635 ×   10   − 3    (  + 0.0982 ×   10   − 3    )    



	    A 2    
	    m 2    
	   1.2566 ×   10   − 3    (  + 0.0628 ×   10   − 3    )    



	    V  10     
	    m 3    
	   4.375 ×   10   − 4    (  + 0.219 ×   10   − 4    )    



	    V  20     
	    m 3    
	   2.88 ×   10   − 4    (  + 0.144 ×   10   − 4    )    



	    β e    
	   Pa   
	   5.34 ×   10  8    



	    K  d r     
	    rad / ( sV )    
	   10 π   



	    D 1  ≜  η V  D   
	    m 3   / rad    
	   5.83 ×   10   − 7    (  + 0.29 ×   10   − 7    )    



	    C  L i     
	    m 3   / ( sPa )    
	   1.51 ×   10   − 15     



	    b 1    
	    Ns / m    
	   258   



	    b 2    
	  N  
	   532   



	    γ 2    
	
	   10   



	      γ 3    
	
	   15  (  + 0.75  )    
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